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Objective There is increasing interest in investigating the utility of 7 Tesla (7 T)
magnetic resonance imaging (MRI) for imaging of skull base tumors. The present study
quantifies visualization of tumor features and adjacent skull base anatomy in a

Eighteen pituitary adenoma patients were scanned at 7 T in this prospective
study. All patients had reference standard-of-care clinical imaging at either 3 T (7/18,
39%)or 1.5T (11/18, 61%). Visualization of tumor features and conspicuity of arteries
and cranial nerves (CNs) was rated by an expert neuroradiologist on 7 T and clinical field
strength MRI. Overall image quality and severity of image artifacts were also

Ability to visualize tumor features did not differ between 7 T and lower field
MRI. Cranial nerves lIl, IV, and VI were better detected at 7 T compared with clinical field
strength scans. Cranial nerves lIl, IV, and VI were also better detected at 7 T compared
with only 1.5 T, and CN Ill was better visualized at 7 T compared with 3 T MRI. The
ophthalmic arteries and posterior communicating arteries (PCOM) were better
detected at 7 T compared with clinical field strength imaging. The 7 T also provided
better visualization of the ophthalmic arteries compared with 1.5 T scans.
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Conclusion This study demonstrates that 7 T MRI is feasible at the skull base and
identifies various CNs and branches of the internal carotid artery that were better
visualized at 7 T. The 7 T MRI may offer important preoperative information that can
help to guide resection of pituitary adenoma and reduce operative morbidity.
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Introduction

Pituitary adenomas are benign skull base tumors that account
for 10 to 15% of all intracranial neoplasms.’ Endoscopic endo-
nasal surgery (EES) is the initial treatment strategy for most
adenomas, although prolactinomas are typically first treated
with medical therapy. Advantages of EES over traditional
approaches include panoramic visualization of the anterior
skull base, diminished brain retraction, and reduced need for
cranial disassembly. Advanced neuronavigation platforms and
high-resolution preoperative imaging are critical in intra-
operative decision making and endoscopic approach. The
anatomical complexity of the anterior skull base and proximity
of tumor to vital neurovascular structures can hamper gross-
total resection. Furthermore, extensive bony, orbital, dural, and
vascular tumor involvement can complicate surgical access to
the sella, thereby increasing risk for significant surgery-related
morbidity. Surgical complications, which are not uncommon,
may include vision loss, endocrine dysfunction, cranial neu-
ropathy, postoperative cerebrospinal fluid (CSF) leak, and
infection.2® To optimize surgical planning and navigation,
and to facilitate favorable treatment outcomes for patients
undergoing EES, high-resolution preoperative magnetic reso-
nance imaging (MRI) has become essential for optimal identi-
fication of small skull base structures, as well as differentiation
of healthy gland from tumor.”~°

Ultra-high-field MRI is increasingly being applied to the
study of neurological disease.'® The 7Tesla (7 T) MRI has
evolved from a research tool to an FDA (Food and Drug
Administration)-approved modality with diverse applications.
Advantages of 7 T MRI over conventional field strengths
(hereafter “conventional-MRI” primarily at 1.5 and 3 T) include
increased spatial resolution, signal-to-noise ratio (SNR), and
resolution. There is growing interest in exploiting imaging at 7
T to characterize structures and processes for various disease
profiles including nonlesional epilepsy,'" multiple sclerosis,'?
and Alzheimer's disease.'”> However, few studies have
employed 7 T MRI to image skull base tumors, in part due to
physical complexities of imaging in close proximity to bone
and air-filled cavities in the skull base. de Rotte et al first
reported the feasibility of pituitary imaging at 7 T MRI.° Barrett
et al, who qualitatively compared 7 T versus conventional MRI
ina preliminary set of skull base patients, confirmed improved
detection rates of internal carotid artery (ICA) branches and
cranial nerves (CNs) at 7 T."* Most recently, Law et al reported
results from a microadenomain one Cushing’s patient who was
MRI negative at conventional field strength but visible at 7 Tin
a location that correlated with petrosal sampling and postop-
erative outcome.'?

Early reports suggesting feasibility and benefits of ultra-high
field MRI over lower field techniques in pituitary pathology
have been limited by small sample sizes and inability to
statistically compare 7 T to lower field scans.”'* Furthermore,
the utility of 7 T MRI has not been quantitatively examined in a
homogenous cohort of pituitary adenoma patients. The pur-
pose of the present study was to acquire preoperative 7 T MRI
and quantitatively compare detailed neuroradiological findings
for pituitary adenomas and adjacent skull base neurovascular

structures to conventionl MRL Findings from this study may
indicate which structures 7 T scans visualize to greater advan-
tage. In the process, this assessment may help define the role of
7 T in the diagnostic workup of patients with pituitary tumors,
and perhaps broader skull base tumors in general.

Methods

Participants

Approval was obtained from the Mount Sinai Medical Center
Sinai Institutional Review Board, and all patients provided
written informed consent. Eighteen patients with pituitary
adenomas were recruited through their neurosurgeon (RKS),
and were scanned at 7 T MRI between September 2014 and
July 2018 at the Mount Sinai Medical Center. Prior surgical or
radiotherapeutic intervention was exclusionary, and ulti-
mate diagnosis was confirmed histologically.

Imaging
Participants were scanned using a 7 T whole-body MRI
scanner (Magnetom, Siemens Healthcare, Erlangen,

Germany). A SC72CD gradient coil was used (Gpax=70
mT/m, max slew rate=200 T/m/s), with a single-channel
transmit and 32-channel receive head coil (Nova Medical,
Wilmington, Massachusetts, United States). Scanning
parameters are presented in =Table 1. All participants also
underwent preoperative conventional-MRI at a lower field
strength (1.5 T/3 T) obtained per standard of care.

Image Rating

Tumors and surrounding structures were rated by an expert
neuroradiologist (BND) with over 20 years in neuroradiology
and significant 7 T MRI experience. Tumor features were rated
0 to 4, with 0 indicating nonvisualization, and 1 to 4 indicating
poor, fair, good, and excellent visualization, respectively.
Internal tumor characteristics, surrounding CNs, and adjacent
branches of the internal carotid arteries (ICAs) were ranked on
this scale at both 7 T and clinical field strength MRI. Knosp’s
scores were also determined at 7 T and conventional MRI.

In addition to characterization of tumor features and visi-
bility of image skull base anatomy, 7 T and conventional MRI
were also rated for overall diagnostic quality and presence of
artifacts. MPRAGE, MP2RAGE, axial T2-TSE, coronal T2-TSE,
diffusion, and TOF images were each scored 0 to 2, reflecting
nondiagnostic, diagnostic with limitations, and fully diagnostic
scans, respectively. Each acquisition sequence was also evalu-
ated for artifact from B1 inhomogeneity, BO inhomogeneity,
motion, and pulsation were rated from 0 to 4, reflecting no,
minor, moderate, and severe artifacts, respectively. Tumor
measurements in transverse, anterior/posterior, and cranio-
caudal dimensions were used to calculated volumes using a
validated ellipsoid formula'® (V =7/6 x [T x AP x CC]).

Statistics

Statistical analyses were calculated using SAS v9.4 (SAS
Institute Inc., Cary, North Carolina, United States). Two-tailed
signed rank t-tests assessed differences between results at
7T and clinical field strength imaging (1.5 and 3 T combined).
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Table 1 7 Tesla imaging protocol

MPRAGE MP2RAGE T2-TSE DWI T2-TSE TOF

Orientation Coronal oblique | Axial Coronal oblique | Coronal oblique Axial Coronal
oblique

Scan time (min:s) | 7:40 8:08 6:50 9:19 (18:387) 6:50 10:13
Voxel size (mm?) | 0.7 x0.7 x0.7 0.7x0.7%x0.7 | 0.4x0.4%x2.0 1.05x1.05x1.05 | 0.4x0.4%x2.0 | 0.35%0.26 x0.4
Slice number 224 240 60 66 55 240(4)
(slabs)
FOV (mm?) 225 x 169 224 x 168 200 x 168 210x 210 200 x 168 200 x 170
2D/3D 3D 3D 2D 2D 2D 3D
TR (ms) 3,000 6,000 6,000 7,200 6,000 18.0
TE (ms) 4.1 3.62 59 67.6 59 5.58
TI (TI2; ms) 1,050 1,050 (3,000) | N/A N/A
Flip angle 7 5(4) 180 180 180 20
(2nd flip angle;
degree)
Resolution 320 x 240 320 x 240 512 x 432 200 x 200 512 x 432 768 x 491
Directions N/A N/A N/A 64 N/A N/A

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; DWI, diffusion-weighted imaging; FOV, field of view; MPRAGE, magnetization prepared
rapid acquisition with gradient echo; N/A, not available; T2-TSE, T2-weighted turbo spin echo; TE, echo time; Tl, inversion time; TOF, time of flight;

TR, repetition time.

?Diffusion was acquired with both anterior-posterior and posterior-anterior readout directions.

Identical statistical subanalyses compared 7 T with 3 T
(n=7),and 7 Twith 1.5 T (n=11). Spearman’s correlation
coefficient assessed the relationship between overall diag-
nostic image quality and tumor volume. A false discovery
rate (FDR) adjustment was used to account for multiple
comparisons within each imaging category. FDR-adjusted
p-values of <0.05 were considered significant.

Results

Patients

Eighteen patients (12 females, age mean+SD=45.2+14.1
years) underwent 7 T MRI. All patients received conventional
MRI as part of their diagnostic workup, with 7/11 (39%)
undergoing 3 Tand 11/17 (61%) 1.5 T scanning. All participants
subsequently underwent EES, with one requiring subsequent
craniotomy. Immunohistochemistry of surgical specimens
revealed 11 null type, 3 gonadotrophs, 2 prolactinomas, 1
growth hormone-secreting, and 1 adrenocorticotrophic
hormone (ACTH)-secreting adenoma. Fifteen tumors were
macroadenomas and three were microadenomas. Patient
demographics and disease features are shown in =Table 2.

Depiction of Tumor Features

Ability to visualize brain invasion, cavernous sinus wall
invasion, orbital involvement, chiasm compression, cystic
component, tumor extension through bone, and internal
tumor vasculature did not differ when evaluating 7 T versus
all conventional MRI, or 3 or 1.5 T separately (=Table 3).

Cranial Nerves
Compared with clinical field strength MRI, 7 T better detected
CNIII (Mean [M] = 3.25vs.2.37, p=0.002), CN IV (M = 0.84 vs.

0.09, p=0.002), and CN VI (M=0.95 vs. 0.52, p=0.01;
=Fig. 1). CN III was better visualized at 7 T compared with 3
T(M=3.08vs.2.5,p=0.03).CNIII (M =3.36vs.2.28,p=0.03),
CNIV(M=0.78 vs. 0.0, p=0.04), and CN VI (M =0.96 vs. 0.38,
p=0.03) were better detected at 7 T compared with 1.5 T MRI
(=Fig. 2). Results are summarized in =Table 3.

Internal Carotid Artery Branches

Compared with conventional MRI, 7 T better detected oph-
thalmic arteries (M=2.5 vs. 1.48, p=0.03) and posterior
communicating arteries (PCOMs; M =2.72 vs. 2.2, p=0.03).
Ophthalmic arteries were also better detected at 7 T than at
1.5TMRI (M =2.91vs.1.27,p=0.01; =Table 3). Conspicuity
of ophthalmic arteries and PCOMs at 7 T compared with 1.5 T
is shown in ~Fig. 3.

Overall Image Quality and Artifact

7 T BO artifact was greater than on conventional MRI for
axial (p < 0.01) and coronal (p < 0.01) T2-TSE. These findings
persisted when evaluating the 7 T and 1.5 T groups for axial
(p=0.01) and coronal (p=0.003) T2-TSE images but not
when comparing against 3 T (p > 0.05 for both sequences).
The 7 T B1 artifact was also greater compared with conven-
tional MRI for axial (p<0.001) and coronal (p<0.001)
T2-TSE. These findings persisted when evaluating the 7
and 1.5 T groups for axial (p=0.01) and coronal
(p=0.003) T2-TSE images. B1 artifact for axial and coronal
T2-TSE sequences was also greater at 7 T compared with 3 T
(p=0.04 for both sequences; =Fig. 4). Motion artifact was
greater at 7 T compared with conventional MRI on axial
(p=0.001) and coronal (p=0.001) T2-TSE. These findings
persisted when comparing 7 and 1.5 T groups for axial T2-
TSE (p=0.02) but not on coronal T2-TSE (p > 0.05). There
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Table 2 Demographic and disease features of 18 patients with pituitary adenoma

Patient no. Sex Age at scan (y) Classification Tumor volume (cm?) Histo type

1 M 68 Macroadenoma 4.39 Null cell type

2 F 51 Macroadenoma 1.58 Null cell type

3 M 41 Macroadenoma 7.2 Gonadotroph cell type
4 M 47 Macroadenoma 18.25 Gonadotroph cell type
5 F 56 Macroadenoma 18.35 Gonadotroph cell type
6 F 75 Macroadenoma 168 Null cell type

7 M 54 Macroadenoma 0.85 GH cell type

8 F 29 Microadenoma 0.65 Null cell type

9 F 30 Microadenoma 0.34 Prolactinoma

10 F 50 Microadenoma 0.15 Null cell type

11 F 19 Macroadenoma 4.16 Null cell type

12 F 53 Macroadenoma 6.43 Null cell type

13 F 45 Macroadenoma 0.88 Null cell type

14 F 32 Macroadenoma 78.26 Null cell type

15 F 35 Macroadenoma 3.42 Null cell type

16 M 50 Macroadenoma 27.88 Null cell type

17 M 46 Macroadenoma 19.86 Prolactinoma

18 F 33 Macroadenoma 18.85 ACTH cell type

Abbreviations: ACTH, adrenocorticotrophic hormone; F, female; GH, growth hormone; M, male.

were no significant differences in motion artifact between 7
and 3 T (p > 0.05 for all sequences). Lastly, pulsation artifact
was greater at 7 T compared with conventional MRI for both
axial (p=0.001) and coronal (p=0.001) T2-TSE. These
findings persisted when evaluating the 7 and 1.5 T groups
for axial T2-TSE (p =0.02), and coronal (p =0.02) T2-TSE but
not when comparing 7 T with 3 T (p>0.05 for both
sequences).

There were no significant differences in overall diagnostic
quality at 7 T compared with conventional MRI (p > 0.05 for
all sequences), and when comparing 7 to 3 and 15 T
separately. There was a significant positive correlation
between overall image quality and tumor volume for the
7 T images (r=0.6, p <0.01).

Discussion

Proximity of pituitary adenomas to sensitive neurovascular
structures confers surgical complexities, especially in EES
where maneuverability within narrow surgical corridors can
be limited. High-resolution preoperative imaging of CNs and
ICA branches is critical in preoperative planning and intra-
operative decision making. While many of these structures
are well characterized with conventional MRI, visualization
of finer anatomy may be challenging. This study confirmed
that certain skull base structures are better visualized at 7 T
MRI than on conventional MRI, suggesting that ultra-high
field imaging could play an increasing role in the treatment
algorithm for pituitary adenomas and other skull base
lesions.

Imaging the Cranial Nerves
Preoperative identification of delicate CNs is crucial for
endoscopic navigation, since disruption can cause significant
morbidity. Literature reveals considerable interest in char-
acterization of CNs in assessment of various skull base
pathologies, including pituitary adenomas,”'* trigeminal
neuralgia,”‘19 vestibular schwannomas,?>?" and among
others.?? Those studies have examined conventional imag-
ing”-17:18 and advanced sequences, such as diffusion tensor
imaging (DTI)'®"%? in CN assessment. This study indicates
that several CNs are better imaged at 7 T MRI compared with
conventional MRI, suggesting that this technology could aid
in localization and protection of nerves intraoperatively.
The oculomotor nerves (CN III) were better visualized at 7 T
(M=3.25), compared with 1.5 T (M=2.28) and 3 T MRI
(M=25). Mass effect from an enlarging tumor may also
compromise CN III, leading to oculomotor palsy in 2.4 to 17%
of patients with anterior skull base tumors.? CN IIl might also
be damaged intraoperatively, with oculomotor palsy in 2.8% of
EES patients.24 High-resolution preoperative imaging may
facilitate preservation of oculomotor integrity in the 4% of cases
where macroadenomas extend into the oculomotor cisterns.?3
Ability to visualize the trochlear nerve (CN IV) was also
greater at 7 T (M =0.84) compared with conventional MRI
(M =0.09). Since this CN is the smallest by axon composition,
it has historically been exceedingly difficult to identify
radiologically. Damage to CN IV, resulting in trochlear paresis
and diplopia, has been reported in 2.2% of adenoma resection
patients.?”> Cheng et al used a high-resolution structural
protocol that was optimized for imaging the skull base,
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Table 3 Neuroradiological ratings of tumor depiction, cranial nerves, and internal carotid artery branches as well as Knosp’s scores

7T Clinical | p-value | 7T 3T p-value | 7T 15T p-value
(n=18) | MRI (n=7) | (n=7) (n=11) | (n=11)
(n=18)

Depiction of tumor

Tumor extension 2.94 3.22 0.54 2.57 3.14 1.0 3.18 3.27 1.0

through bone

Optic chiasm compression | 3.89 3.56 0.53 3.86 3.86 1.0 3.91 3.36 0.63

Cystic/necrotic/ 3.33 2.94 0.54 3.14 3.0 1.0 3.45 2.91 0.63

hemorrhagic component

Tumor vasculature 1.88 1.61 0.54 1.83 1.57 1.0 1.91 1.64 0.85

R-medial cavernous 3.29 3.1 0.5 3.0 2.86 1.0 3.45 3.27 0.92

sinus wall invasion

L-medial cavernous 3.35 3.0 0.54 3.17 2.71 1.0 3.45 3.18 0.85

sinus wall invasion

Orbital involvement 3.41 3.56 0.54 2.83 3.43 1.0 3.73 3.63 1.0

Brain invasion 3.42 3.33 0.51 3.17 3.57 1.0 3.55 3.18 0.85
CNs

CN I 3.23 3.28 1.0 3.0 3.29 0.81 3.45 3.27 0.75

CN 1Nl 3.25 2.37 0.002 3.08 2.5 0.03 3.36 2.28 0.03

CN IV 0.84 0.09 0.002 0.93 0.22 0.19 0.78 0.0 0.04

CN VI 0.95 0.52 0.01 0.93 0.71 0.83 0.96 0.38 0.03
ICA branches

Ophthalmic 2.5 1.48 0.03 1.87 1.79 1.0 2.91 1.27 0.01

Superior hypophyseal 0.11 0.06 0.94 0.14 0.0 1.0 0.09 0.09 1.0

ACA 3.89 3.78 1.0 3.72 3.72 1.0 4.0 3.82 1.0

MCA 4.0 4.0 1.0 4.0 4.0 1.0 4.0 4.0 1.0

PCOM 2.72 2.2 0.03 3.93 1.93 0.75 2.59 2.37 0.35

Anterior choroidal 2.17 1.31 0.11 2.14 1.43 1.0 2.18 1.18 0.28

Supraclinoid ICA 4.0 4.0 1.0 4.0 4.0 1.0 4.0 4.0 1.0
R Knosp’s score 1.06 1.17 1.0 0.57 0.57 1.0 1.36 1.55 1.0
L Knosp’s score 1.44 0.89 0.54 1.29 0.57 0.75 1.55 1.09 1.0
Confidence in Knosp’s rating | 2.611 2.83 0.54 2.47 3.0 0.75 2.64 2.73 1.0

Abbreviations: ACA, anterior cerebral artery; CN, cranial nerve; ICA, internal carotid artery; L, left; MCA, middle cerebral artery; MRI, magnetic

resonance imaging; PCOM, posterior communicating artery; R, right.

Note: bolded values indicate Bonferroni’s adjusted p-values below 0.05. 0, structure was not seen; 1, poor visualization; 2, fair visualization; 3, good

visualization; 4, excellent visualization.

and reported definite and probable visualization of CN IV in
only 16 and 22% of healthy individuals, respectively.?® In this
study, CN IV was visualized (received a minimum rating of 1)
in 10 patients (55.6%) at 7 T, whereas conventional MRI
identified CN IV in only two of nine patients (11.1%), both at 3
T. While the ability to image CN IV was better at 7 T compared
with conventional MRI, no significant effects were found
compared with 1.5 or 3 T results separately. This disparity is
attributable to a reduced subanalysis sample size, so future
work may include validating these results with larger sample
sizes.

The abducens nerve (CN VI) was better visualized at 7 T
(M =0.95) compared with conventional MRI (M =0.52). CN
VI palsy is the most commonly reported isolated cranial

neuropathy. This nerve is particularly at risk during endo-
scopic surgery, since it is the most medially located within
the cavernous sinus. Damage to CN VI during endoscopic
surgery has been reported in 2 to 2.8,2*? resulting in ptosis,
miosis, or other deficits. Because of the CN VI trajectory in
the skull base, there have been many efforts to identify
surgical landmarks to aid in localization intraoperatively.?®
Furthermore, tumor location relative to CN VI can inform
surgical approach, since lesions posterolateral to the nerve
may be best accessed through a lateral transcranial
approach.28 While cisternal CN VI can be seen with advanced
conventional MRI sequences,® this nerve is rarely seen within
the skull base using on conventional MRI. Increased visibility
of CN VI at the skull base may be an important advantage of
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Fig. 1 Coronal T2-TSE depicting the oculomotor nerve (CN IIl). The left and middle columns show CN Il at 7 T image compared with3and 1.5T,
respectively. The right column shows 7 T DTI FA image and a T1-weighted MP2RAGE inversion-2 sequence. The oculomotor nerves (denoted by
white arrow heads) can be seen emerging from the interpedunclar fossa. Nerve visualization is better on the high spatial resolution (1.05 mm)
isotropic diffusion imaging compared with the structural sequence. CN, cranial nerve; DTI, diffusion tensor imaging. FA, fractional anisotropy;

MPRAGE, magnetization-prepared rapid acquisition with gradient echo.

Fig.2 Coronal T2-TSE depicting the trochlear nerve (CN IV) at 7 T (left) and 1.5 T (right). Dashed lines represents demarcation between central
tumor or and preserved normal gland laterally. This boundary is not seen at 1.5 T. CN, cranial nerve.

7 T MRI for surgeons approaching the orbital fissure, clivus,
and petroclival region either endoscopically or transcrani-
ally, as nerve characterization may reduce operative
morbidity.

Together, these results suggest superiority of 7 T to
conventional MRI in identification of certain CNs preopera-
tively, potentially aiding navigation and reducing postoper-
ative cranial neuropathy in adenoma patients. Prospective
randomized studies are warranted to evaluate postoperative
outcomes and complications in patients undergoing 7, 3, and
1.5 T for surgical planning. Additionally, 3-T fast imaging
employing steady-state acquisition (FIESTA) MRI has also
shown to provide increased visualization of CNs and future

work ought to compare CN detection between 7 T and lower
field FIESTA imalging.29 Technical development is still
required to develop a 7 T FIESTA sequence; however, this
is another promising area of advancement in the field of skull
base imaging that may further benefit CN imaging. In
the future, additional 7 T sequences may increase CN con-
spicuity. In particular, the high-isotropic spatial resolution
(1.05mm) afforded by ultra-high field diffusion MRI may
facilitate superior depiction of smaller nerves at 7 T, thereby
benefitting surgical planning as it has with the trigeminal
nerve (CN V).'® Visualization of CNs at 7 T should also be
compared with steady-state free precession on conventional
MRI that enhances at least cisternal nerve visualization.
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Fig.3 The top row shows axial T2-TSE images of the ophthalmic artery at 7 T (left) and 1.5 T (right). The top row shows coronal T2-TSE images of
the right posterior communicating artery (PCOM) at 7 T (left). The PCOM is not visible at 1.5 T (right).

Internal Carotid Artery Branches
Preoperative imaging of vascular anatomy is another impor-
tant component of planning for adenoma EES. While ICA injury
israre (0.2-1.1% of hypophysectomy EES cases3?31), laceration
to ICA branches can be rapidly catastrophic, profuse bleeding
can quickly flood the surgical field thereby hampering subse-
quent hemostasis. Narrow access corridors and inability to
suture further hinder limit the ability to control serious
hemorrhage3® Even with adequate bleeding control, ICA
branch injury can result in stroke, cranial neuropathy, and
death.3%32 Therefore, avoiding vascular injury is of paramount
importance during EES, and improved preoperative definition
of ICA branches could reduce ICA trauma and hemorrhage. Our
high-spatial resolution 7 T TOF angiography (0.26 mm x 0.26
mm x 0.4mm), which suppresses background signal by
exploiting longer tissue T1 values, increases arterial contrast
and small vessel detectability, and enables excellent visualiza-
tion of skull base arteries without intravenous contrast.'%33
Ophthalmic arteries were better visualized at 7 T
(M =2.5) compared with conventional MRI (M = 1.48). This
finding persisted against 1.5 Tscans but not against 3 Tscans.
Ophthalmic artery damage comprises 7.3 to 25%3234 of all
vascular injuries from endoscopic skull base surgery. In
addition to challenges from surgical field obscuration, oph-
thalmic artery injury may lead to permanent vision loss.3”

The posterior communicating arteries (PCOMs) were also
better visualized at 7 T(M = 2.72) compared with conventional
MRI (M = 2.2). Identification of PCOMs may be important for
diverse skull base endoscopic procedures, such as the endo-
scopic approach to the foramen magnum and odontoid.>®
Future studies may demonstrate when vessel visualization
may decrease morbidity with ultra-high field imaging.

Given the significant morbidity and mortality associated
with ICA damage and the physical limitations associated with
endoscopic repair of arterial injury, improved visualization of
ICA branches might prove among the most important advan-
tages conferred by 7 T over conventional MRI in this study.
Enhanced visualization of the ophthalmic and PCOM arteries
may be useful verifiable landmarks at 7 T that contribute to
surgical safety, predict extent of resection, and avoid critical
vasculature during resection of adenomas. Increased ICA
branch visualization may benefit other endoscopic proce-
dures, including extended endoscopic surgery of the clivus
and petrous apex, where ICA injury is described in up to 9% of
cases.> However, given the excellent visualization of arteries
in this study, ultra-high field TOF acquisitions optimized for
the skull base could obviate the need for contrast assessment of
fine vessels. Quantitative yield of noncontrast 7 T MRI to
contrast-enhanced imaging conventional MRI is an important
line of inquiry and an area of active investigation.
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Fig. 4 Top row shows axial T1-weighted MPRAGE images with BO inhomogeneity artifact more apparent at 7 T (left) than at 1.5 T (right) along
the greater sphenoid wing and anterior skull base. Bottom row shows coronal T2-TSE images with B1 inhomogeneity artifact more apparent at 7
T (left) than at 1.5 T (right). Asterisks denote significant signal drop out in the temporal lobes due to B1 effects. DTl FA image and inversion
MP2RAGE inversion 2. The oculomotor nerves can be seen emerging from the interpedunclar fossa better on diffusion compared with structural

sequence. DTI, diffusion tensor imaging.

Artifacts and Overall Image Quality
Higher SNR is attainable at 7 T MRI compared with conven-
tional MRI, since SNR scales with increasing magnetic field.'®
The higher SNR at 7 T can be leveraged to provide adequate
resolution for fine structures typically challenging at con-
ventional MRI, while maintaining reasonable scan times.'?
While 7 T MRI offers increased SNR and spatial resolution,
several physical limitations can compromise image quality.
This study showed that BO and B1 inhomogeneities are more
apparent at 7 T compared with conventional MRI. BO inhomo-
geneity, attributable to sensitivity-to-susceptibility effects
with field strength, is particularly apparent at large air-tissue
interfaces, such as along the margins of paranasal sinuses.>”
With a significant positive correlation between average overall
diagnostic quality of each sequence and tumor volume, it
appears that larger lesions may lessen BO air-tissue interface
artifact by diminishing artifact from air cavities. The utility of 7
T for imaging pituitary adenomas of different sizes is an
important area of investigation and may indicate certain
tumors properties that are optimally depicted by 7 T MRL B1
inhomogeneity becomes increasingly troublesome at ultra-
high field because the radiofrequency (RF) wavelength
approaches the diameter of the head, leading to wave effects
that cause variation in the transmitted field. Localized shim-

ming methods and use of dielectric pads do mitigate the effects
of B1 artifact at ultra-high field, and both were employed in this
study. Despite these considerations, our study confirms that B1
inhomogeneity remains more severe at 7 T compared with
conventional MRI. However, our results also showed superior
visualization of many structures at ultra-high field, suggesting
that increased SNR and spatial resolution at 7 T MRI may
outweigh BO and B1 inhomogeneity limitations. Evolution of
hardware and engineering solutions, including high-order
shimming methods for BO artifacts and advanced adiabatic
pulse design for B1 effects, may further expand the utility of 7 T
MRI in skull base imaging.

Limitations and Future Directions

A notable limitation of the present study is the lack of
standardization for conventional MRI. The clinical images
compared against 7 T MRI were scans obtained at 1.5 (11/18)
or 3 T(7/18) patients as part of standard-of-care evaluation.
Although we compared 7 T MRI to the combined 1.5 and 3 T
cohort as well, field strength-specific subanalyses were likely
underpowered, and some significant effects may have been
undetected. Future work will include recruiting more
patients in the 1.5 and 3 T clinical imaging groups. Addition-
ally, due to the conspicuity of 7 T MRI, lack of blinded
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neuroradiological assessment is an inherent limitation in
this study.

Another limitation was application of 7 T MRI for preopera-
tive characterization of tumor and adjacent anatomy without
intraoperative correlation. Intraoperative comparison of the
utility of 7 Tversus conventional MRI using current technology
would pose technical challenges, hampered by inability to
toggle across different data volumes in the operative suite,
while maintaining stereotactic coregistration with endoscopic
instruments. Collaboration with surgical navigation vendors
will be important for adding 7 T display to coregistered
navigation systems, thereby facilitating intraoperative compar-
ison of field strength without interrupting surgical work flow,
and thisisanarea of future investigation in our group. Similarly,
the present study sought to examine benefits conferred by 7 T
MRI in only the preoperative setting, and both 7 T and clinical
field strength data were used for surgical decision making.
Future prospective studies with patients that receive solely 7 or
3 T will be important for systematically compared long-term
surgical outcomes and determine the role of ultrahigh field MRI
in reducing operative morbidity and preserving endocrine
function.

In addition to the technical and hardware development
work required to overcome physical limitations of 7 T MRI, we
believe that this work may advance other aspects of skull
base neurosurgery. Since metabolic chemical shift magnitudes
are proportional to magnetic field strength and excellent
spectral separation and quantification is potentially attainable
at 7 T,'0 ultra-high field MR spectroscopy may offer insights
into adenoma composition. Indeed, quantitative MR spectros-
copy has already provided important information about tumor
proliferative index and perfusion properties in prior adenoma
studies on conventional MRI>® Furthermore, high spectral-
resolution metabolic signatures may help localize MRI-nega-
tive secreting microadenomas. 7 T MRI is well positioned to
advance imaging paradigms for other neoplasms, including
invasive features of malignant skull base tumors.>® Since
extensive tumor involvement with sensitive anterior skull
base anatomy can preclude a purely endoscopic approach,
the ability of 7 T MRI to characterize tumor infiltration of
structures, such as the periorbita, ICAs, dura, and CNs should
be examined in the context of surgical decision making for
sinonasal malignancies. Ultra-high field imaging could also
benefit the radiotherapeutic management of skull base malig-
nancies, as high-resolution 7 T MRI may enhance lesion
boundary visualization and permit dose modifications when
appropriate. This application may be particularly valuable
in the case of clival chordomas, where inadequate tumor
delineation in proximity to the brainstem and cord can result
in tumor underdosing.? The utility of 7 T MRI in the surgical
and radiotherapeutic management of skull base malignancy is
an important area of future investigation in this field.

Lastly, we report a relatively small number of structures
that are better imaged at 7 T compared with clinical field
strength MRI, and the question of whether the cost of this
technology is justified by these advantages is an important
consideration. With the recent 510 K approval of 7 T MRI
from the FDA for clinical use, we anticipate an increase in the

number of installation sites and a reduction in cost as these
scanners are increasingly implemented into clinical work
flow. Furthermore, because this preliminary study included a
relatively small sample size, we cannot conclude with cer-
tainty that visualization of other skull base structures are not
also benefitted by increased magnetic field strength, and
additional studies are warranted to fully elucidate the role of
7 T in endoscopic pituitary surgery.

Conclusion

The present study is the first quantitative comparison of 7 T
and conventional MRI for visualization of pituitary adeno-
mas and adjacent neurovascular structures. These results
demonstrate that 7 T MRI is feasible at the anterior skull base
without inferiority to 1.5- or 3-T MRI. Visualization of many
anterior skull base structures, including CNs and ICA
branches was found with ultra-high field, suggesting that
this modality may be useful for identifying landmarks and
increasing surgical safety for skull base neurosurgery. It is
expected that refinements of 7 T acquisition and signal
readout methods will further reduce artifacts in this region,
and that imaging quality in and about the skull base will
continue to improve. Furthermore, it is believed that 7 T MRI
demonstrates potential to have an increasingly important
role in the optimal preoperative imaging and surgical man-
agement for patients with pituitary adenomas as well as
other anterior skull base pathologies.
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